changes in bdnf DNA methylation present in infancy, sexspecific alterations were present in the mPFC of adolescents and adults that had been exposed to maltreatment. Furthermore, while maltreated females showed differences in reelin DNA methylation that were transient, males exposed to maltreatment and both males and females exposed to nurturing care outside the home cage showed differences in reelin methylation that emerged by adulthood. Our results demonstrate the ability of infant-caregiver interactions to epigenetically mark genes known to play a prominent role in cognition and psychiatric disorders within the mPFC. Furthermore, our data indicate the remarkable complexity of alterations that can occur, with both transient and later emerging DNA methylation differences that could shape developmental trajectories and underlie gender differences in outcomes.
crease the risk for mood and stress-related disorders [1] [2] [3] [4] . Both rodent and nonhuman primate models of aberrant maternal care or infant separation have likewise demonstrated alterations in behavioral outcomes, brain structure, and function [5] [6] [7] [8] . Furthermore, animal models have been instrumental in helping us understand that not only are these neurobiological changes long lasting, but that they too can be passed on to future generations via nongenetic transmission [9] [10] [11] .
Current theories advocate that both genetic makeup and early-life environmental factors play a significant role in the development of normal behavior and psychopathology [12, 13] . A challenge has been untangling the relationship between nature and nurture, and recently we have begun to see empirical evidence for a mechanism that allows this. Epigenetic mechanisms provide a way to integrate an organism's genes with experience through various environmentally induced dynamic and stable modifications to DNA and its associated proteins that can alter gene expression. The mechanisms by which epigenetics can affect gene expression are varied and include DNA methylation and demethylation, which involve the addition or removal (respectively) of methyl groups from cytosines typically in and around gene promoters [14] .
Studies in rodents have suggested a causal relationship between the quality of the caregiving environment and DNA methylation patterns within the brain. For example, a landmark paper from Michael Meaney's laboratory utilized natural variations in maternal caregiving, in particular levels of licking/grooming and arched-back nursing, to demonstrate that experience with low levels of nurturing care result in offspring that have significantly more methylation of the glucocorticoid receptor gene promoter in the hippocampus [15] . The same phenomenon has since been found in humans with a history of childhood abuse [16, 17] . Subsequent work using the same rodent model [18] [19] [20] [21] or paradigms where infants were separated from the caregiver [10, 22] has shown changes in other gene loci within the hippocampus, and in additional brain regions, including nuclei of the hypothalamic-pituitary-adrenal axis.
Though a handful of studies have demonstrated a relationship between the epigenetic regulation of genes within the prefrontal cortex (PFC) and memory capacity in adult animals [23] [24] [25] , the relationship between the quality of infant-caregiver experiences and the epigenetic regulation of genes within the PFC has only begun to receive attention [11, [26] [27] [28] [29] , though it is a brain region known to be particularly susceptible to the damaging effects of early-life adversity [30] [31] [32] . Previous work in our laboratory has shown that maltreatment of infant rats by caregivers during the first 7 days of life produces increased methylation of the brain-derived neurotrophic factor (bdnf) gene in the PFC (as a whole), an effect also associated with decreased bdnf mRNA levels in adulthood [11] . The PFC consists of numerous distinct regions, and recent work has now begun to show an association between early-life adversity and abnormal function of the medial PFC (mPFC) [33, 34] . The biological basis of how exposure to maltreatment early in life could contribute to long-term effects on mPFC structure and function is not known and could involve epigenetic mechanisms. To our knowledge, no studies have investigated a link between DNA methylation correlates within the mPFC and exposure to caregiver maltreatment.
Here, we used our rodent model of caregiver maltreatment and a candidate gene approach to investigate this link. The bdnf gene codes for a protein that is essential in development and synaptic plasticity and has been linked to several psychiatric disorders [35, 36] . Reelin is another gene that codes for a protein crucial for brain development and synaptic plasticity, is a gene implicated in psychiatric disorders [37] [38] [39] , and a gene whose methylation patterns too can be altered by environmental factors [25, 40] . We also examined whether there were any sex-specific alterations and incorporated a lifespan approach to follow the developmental trajectory of methylation patterns.
Methods

Subjects
Male and female outbred Long-Evans rats were obtained from Harlan and housed in our breeding colony. The animals were housed in polypropylene cages with plentiful wood shavings in a temperature-and light-controlled colony room (12-hour light/dark cycle with lights on at 6.00 a.m.) with ad libitum access to food and water. All behavioral manipulations were performed during the light cycle. All females had experience in raising at least one litter prior to the beginning of the experiment so that no first-time mothers were ever used. Postnatal day (PN) 0 was designated as the day of pup birth, and on PN1, litters were culled to 5-6 males and 5-6 females. Twenty-two litters were used to generate PN8, PN30, and PN90 cohorts for tissue collection. The University of Delaware Animal Care and Use Committee approved all procedures.
Caregiving Manipulations
Using a method previously reported [11] and adapted from other studies [41] [42] [43] , infant rats were divided into three equal groups on PN1 using a within-litter design. For 30 min a day beginning on PN1 and ending on PN7, up to 4 pups (2 males and 2 females) from a litter were exposed to a stressed dam outside the home cage (maltreatment condition). The maltreatment caregiver was a lactating female who was placed in a novel environment with inadequate nesting material (only 100 ml of wood shavings). Up to 4 additional pups (2 males and 2 females) from the same litter were exposed to a nonstressed dam outside of the home cage (cross-foster care condition). The cross-foster caregiver was another lactating female who was given at least 1 h to habituate to the exposure chamber and provided ample wood shavings (an approx. 2-cm layer across the chamber floor) for nesting material. Chamber temperatures were maintained between 24 and 29 ° C. The remaining pups from the litter (up to 2 males and 2 females) were only marked for identification and weighed, and returned to the biological mother in the home cage for a control group. After the 30-min session, experimental pups were removed from the test chamber and placed back into the home cage with the biological mother. Stimulus dams (maltreatment and cross-foster) were also reunited with their biological pups immediately after each exposure session. Except for weekly cage changes, pups remained undisturbed until PN8 (if brains were removed in infancy) or PN21-23 when they were housed in same-sex pairs through adolescence and into adulthood.
Nurturing and adverse-caregiving behaviors were scored for all 3 conditions via live observations and/or video recordings, and both 40-kHz ultrasonic (Batbox III D, NHBS Ltd., UK) and audible vocalizations emitted by the infant rats during each exposure session were scored from digital recordings. For caregiver behavior observations, nurturing and adverse-caregiving behaviors were tallied in 5-min time bends and averaged across the 7 exposure days. Ultrasonic vocalizations (only recorded 40 kHz across our 3 groups) were scored by simply tallying whether a vocalization, regardless of its duration, occurred or did not occur within each minute time bend during a 30-min session. Vocalizations were then averaged across the 7 exposure days and sessions (as we did for caregiving behaviors). Audible vocalizations were scored and summarized in the same manner.
DNA Methylation and Gene Expression Assays
Animals were sacrificed at baseline conditions, at PN8 (24 h after the last caregiving manipulation), PN30, or PN90. Brains were removed, sliced using a 1-mm brain matrix, flash-frozen on untreated slides with 2-methylbutane, and placed in a -80 ° C freezer until later processing. The mPFC (consisting of bilateral prelimbic and infralimbic tissue) was dissected on dry ice using stereotaxic coordinates and DNA/RNA were simultaneously extracted (Qiagen Inc., Valencia, Calif., USA). Quantification and assessment of nucleic acid quality from samples were determined using spectrophotometry (NanoDrop 2000). Methylation status was later assessed via methylation-specific real-time PCR (MSP on a Bio-Rad CFX96 system) on bisulfite-modified DNA (Qiagen Inc.). Primer sets as previously published [11, 44] targeted methylated and unmethylated CG dinucleotides in DNA associated with bdnf exons I and IV (encompassing each transcription start sites), the promoter region of reelin , or tubulin (as a reference gene). Reverse transcription was performed using a cDNA synthesis kit (Qiagen) on RNA, and cDNA was amplified by real-time PCR (Bio-Rad CFX96) with Taqman probes (Applied Biosystems) to target bdnf (exon IX), reelin , or tubulin (for a reference gene) mRNA. All reactions for each gene in the MSP and gene expression assays were run in triplicate. Product specificity was determined by melt curve analysis (MSP only) and gel electrophoresis.
Statistical Analyses
Caregiver and pup behaviors were analyzed using 1-way or 2-way ANOVAs, Bonferroni's and unpaired post hoc tests where appropriate. We used the comparative C t method to obtain the relative fold change of experimental (maltreatment or cross-foster) versus control (normal care) groups for MSP and gene expression assays [45] . For our MSP data, the methylation index was calculated by dividing the fold change value for the methylated primer set by the fold change value for the unmethylated primer as previously described [25] . Outliers with values 2 standard deviations from the mean were identified and removed from analyses ( bdnf I MSP n = 1 for PN8, n = 2 for PN90; reelin MSP n = 2 for PN8, n = 3 for PN30, n = 2 for PN90; bdnf gene expression n = 1). Differences in methylation and mRNA levels were analyzed by 1-sample t tests (for comparison with normal care controls), and 2-way ANOVAs followed by post hoc tests (Bonferroni's or unpaired) where appropriate. Differences were considered to be statistically significant for p < 0.05, and nonsignificant trends at p < 0.1 are also reported.
Results
Caregiver Behaviors
To manipulate the quality of early-life caregiving experiences, infant male and female rats were exposed to maltreatment or nurturing care either outside of (crossfoster care) or within (normal care) the home cage. Caregiving conditions differed greatly across our treatment groups, as there was a main effect of caregiving behavior (F 1, 98 = 245.8, p < 0.001) and a behavior × infant condition interaction (F 2, 98 = 173.7, p < 0.001). Figure 1 a shows that infants within both the normal and cross-foster care groups experienced high levels of nurturing care and low levels of adversity, which did not differ between the two conditions (p > 0.05). In contrast, infants within the maltreatment group experienced significant adversity and less nurturing care (p < 0.001). The types and percentages of infant-directed behaviors within the normal and cross-foster care conditions are illustrated in figure 1 b and c, and consisted primarily of licking, grooming, nesting, and nursing. These infant-directed behaviors were less prevalent within the maltreatment condition, and instead dams predominately stepped on, dropped during transport, dragged while nipple attached, actively avoided, and roughly handled infants ( fig. 1 d) . Analyses for each type of infant-directed behavior between the 3 conditions revealed no differences in levels of individual behaviors between the normal and cross-foster care conditions but significant differences when compared to the maltreatment condition ( table 1 ) .
Infant Responses to Caregiving Conditions
To determine infant responses to our caregiving environments, we measured audible and ultrasonic (40-kHz) vocalizations emitted during each exposure session across 
Methylation Patterns across Development
We used a lifespan approach and measured DNA methylation after our caregiving manipulations of two genes essential for development and plasticity, bdnf and reelin . We first used MSP to characterize methylation of DNA associated with bdnf exons I and IV in infant (PN8), adolescent (PN30), and adult (PN90) animals ( fig. 3 ) . Though the bdnf gene can produce numerous bdnf transcripts due to its large number of exons and promoters [47] , we chose to focus on DNA associated with exon I and IV, since environmentally driven changes in methylation are known to occur at these specific loci on the gene [11, 23, 44, 48, 49] . In our youngest cohort, 24 h after the last manipulation, the only difference in methylation levels detected was in females exposed to nurturing care outside their home cage, who showed an increase in methylation of DNA associated with exon IV (t 9 = 3.17, p < 0.05 vs. normal care controls, fig. 3 a) . A 2-way ANOVA for each bdnf exon across our infant groups revealed no significant main effect of infant condition, sex, or an infant × sex interaction (all p values >0.1).
In our adolescent cohort we detected differences in methylation specific to our maltreatment group ( fig. 3 b) . Specifically, we found increased methylation of DNA associated with bdnf exon I in maltreated males (t 9 = 3.29, p < 0.01 vs. normal care controls), but decreased methylation of DNA associated with exon IV in maltreated females (t 9 = 6.65, p < 0.001 vs. normal care controls). A 2-way ANOVA for each bdnf exon across our adolescent groups revealed no significant main effect of infant condition (all p values >0.01), a marginally significant effect of sex at exon I (F 1, 35 = 3.37, p = 0.07), and no significant infant condition × sex interactions (all p values >0.01).
As illustrated in figure 3 c, we likewise detected methylation differences in methylation levels in maltreated adults. Both PN90 males (t 7 = 4.167, p < 0.01 vs. normal care controls) and females (t 4 = 3.03, p < 0.05 vs. normal care controls) who had been exposed to maltreatment during infancy showed decreased methylation of DNA associated with exon I. Additionally, maltreated females had increased methylation of DNA associated with exon IV (t 5 = 2.689, p < 0.05 vs. normal care controls). A 2-way ANOVA for bdnf exon I methylation across our adult groups showed no main effect of infant condition, sex, or an infant condition × sex interaction (all p values >0.1). A 2-way ANOVA for bdnf exon IV methylation showed no main effect of infant condition or sex on methylation patterns (p values >0.1), but revealed a significant infant condition × sex interaction (F 1, 23 = 7.77, p = 0.01). Methylation patterns of maltreated females were significantly higher than those of maltreated males (t 13 = 2.71, p < 0.05) and cross-foster females (t 10 = 2.85, p < 0.05).
We also used MSP to characterize methylation of DNA associated with the reelin promoter in infant, adolescent, and adult animals ( fig. 4 ). In our infant cohort, maltreated females showed decreased methylation (t 8 = 3.49, p < 0.01 vs. normal care controls). A 2-way ANOVA revealed a significant main effect of infant condition in our PN8 cohort (F 1, 33 = 6.37, p < 0.05), but no main effect of sex or an infant condition × sex interaction (p values >0.1). Maltreated females showed marginally lower levels of methylation than cross-foster care females (t = 1.945, p = 0.07). In our adolescent cohort, there were no significant differences in reelin methylation compared to normal 312 maternal care controls, and a 2-way ANOVA showed no effect of infant condition, sex, or an infant condition × sex interaction (all p values >0.1).
Adult reelin methylation patterns were also affected by infant experiences. Males exposed to nurturing care (t 4 = 3.70, p < 0.05 vs. normal care controls) or maltreatment (t 7 = 2.18, p = 0.06 vs. normal care controls) outside the home cage showed increased methylation. Females who had been exposed to nurturing care outside the home cage showed decreased methylation (t 5 = 8.90, p < 0.001 vs. normal care controls). There was no main effect of infant condition (p > 0.05) but a significant effect of sex (F 1, 21 = 20.09, p < 0.001) and infant condition × sex interaction (F 1, 21 = 4.94, p < 0.05) were found for adult reelin methylation patterns. Cross-foster females differed significantly from both cross-foster males (t 9 = 5.37, p < 0.001) and maltreated females (t 10 = 2.14, p = 0.06) in their methylation levels.
Gene Expression in Adulthood
The last question we asked was whether DNA methylation changes present in adults coincided with alterations in gene expression at baseline conditions. For the bdnf gene we assessed this by measuring all bdnf mRNA transcripts (exon IX-containing) in the tissue samples ( fig. 5 a) . One-sample t tests comparing maltreated or cross-foster care groups to normal care controls revealed no changes in basal bdnf mRNA levels (all p values >0.1). A 2-way ANOVA also revealed no significant differences in bdnf levels across groups based upon infant condition, sex, or an infant condition × sex interaction (all p values >0.1). At the reelin gene locus ( fig. 5 b) , however, there was a trending decrease in gene expression in both males exposed to maltreatment (t 8 = 2.07, p = 0.07 vs. normal care controls) and cross-foster care (t 5 = 2.22, p = 0.07 vs. normal care controls). Additionally, there was a significant decrease in reelin gene expression in maltreated females (t 5 = 2.71, p < 0.05 vs. normal care controls). Reelin levels across groups did not differ by infant condition or sex nor was there an interaction (all p values >0.1). 
Discussion
The present study was designed to investigate a link between DNA methylation within the mPFC and caregiving conditions in infancy. We did this for both males and females across development after using a model where we are able to assign infants within the same litter to different, reoccurring treatments. We exposed infant rats to adversity outside of the home cage, providing a unique means of studying infant-caregiver dynamics without the confounding metabolic consequences of maternal milk or warmth deprivation. An additional strength of our model is the cross-foster and home cage control groups, which allow us to distinguish effects produced by exposure to another caregiver/caregiving environment and removal from the home cage/biological mother from those produced by caregiver maltreatment.
To produce maltreatment behaviors towards infant rats, we restricted a lactating female's nesting material while she was in a novel environment and observed high levels of aversive caregiving behaviors towards pups. These data replicate those from our previous reports [11, 42] and complement those of others demonstrating the ability of resource deprivation (within the home cage) to produce aberrant caregiving behaviors [41, 43] . We now also significantly extend our prior work here by providing the additional characterization of caregiver behavior within our normal care group (something we had not done previously) and infant vocalization behavior from the three treatment groups. We observed that both lactating females in a familiar environment with adequate nesting material (cross-foster care condition) and the biological caregivers within their home cage (normal care condition) exhibited similar high levels of nurturing care. We also observed that infants responded differentially to our three caregiving conditions, with high amounts of audible and ultrasonic distress vocalizations emitted within our adverse caregiving environment but not within the environments where pups experienced nurturing care (our normal and cross-foster groups). Ultrasonic vocalizations serve to elicit maternal behavior and are normally emitted when infants are separated from the mother or experience extreme physical stress [46, [50] [51] [52] . Since one of the physical stressors that has been established as a potentiator of infant ultrasonic vocalizations is cold exposure, we recorded infant body temperatures at the end of each 30-min exposure period for each of our conditions. We found similar temperatures across our conditions (data not shown), suggesting that a decrease in body temperature was not a leading factor underlying the high levels of ultrasonic vocalizations specific to the maltreatment condition.
Biochemical findings show that exposure to the different caregiving conditions produced a complex array of DNA methylation differences that vary between developmental time points, sexes, treatment groups, and gene locus. In regard to the bdnf gene, throughout development females experiencing maltreatment or nurturing care outside the home cage were observed to have more methylation changes at exon IV, while males had more methylation changes at exon I. For exon I, data show that experience-induced changes in methylation were not present in infancy but were in both adolescence and adulthood. For exon IV, while cross-fostered-females showed differences in methylation of DNA 24 h after the last manipulation but not later, maltreated females did not show differences in methylation at this locus until adolescence and adulthood. Strikingly, the directional nature of the differences in methylation at either bdnf locus for both maltreated males and females changed between adolescence and adulthood. While PN30 maltreated males were observed to have increased methylation associated with exon I, PN90 males instead had decreased methylation. While PN30 maltreated females were observed to have decreased methylation associated with exon IV, PN90 maltreated females had increased methylation. Our findings of differential epigenetic marking of the bdnf gene are consistent with other reports, where environmental stimuli and conditions have been shown to evoke a complex pattern of DNA methylation changes that vary across bdnf gene loci [11, 44, 53, 54] . In addition to our previous report of stress-induced changes at exons IV and IX in the PFC as a whole [11] , we now demonstrate that these changes occur locally at the level of the mPFC, show that they also occur at exon I, and furthermore, show that there are divergent trajectories in regard to exon I and IV methylation differences between sexes.
Though our previous work showed no changes in reelin DNA methylation in the PFC as a whole in animals with a history of maltreatment or nurturing caregiving [11] , our results here provide evidence of changes occurring at the level of the mPFC. Similar to our bdnf results, differences in reelin methylation likewise varied between developmental time points, sexes, and treatment conditions. While infant females experiencing maltreatment showed a decrease in methylation relative to normal care controls, their methylation levels after infancy were no longer different from controls. This is in contrast to males that experienced maltreatment, who showed no difference in methylation in infancy but instead appeared to show higher methylation levels (a trend) with maturation. In the cross-foster care condition, adult males showed increased methylation whereas females showed significantly less than controls. The similar high methylation levels in adult males exposed to maltreatment or nurturing care outside the home cage suggest experience-induced changes reflecting commonalities between the conditions, such as exposure to a novel environment, exposure to another caretaker, and removal from the home cage and biological mother.
Although several lines of work have shown the ability of postnatal experiences to cause immediate changes in DNA methylation that persist into adulthood [11, 15, 18] , our data here show that the majority of group differences at the gene loci we examined within the mPFC do not appear immediately after behavioral manipulations, but emerge over the course of development. A similar observation of late-emerging effects has been reported for the AVP gene in the PVN of male mice subjected to early-life stress, which was attributed to reduced MeCP2 binding (a methyl-binding domain protein that binds to methylated DNA) that was already present early in development and presumed to confer later changes in methylation [22] . Whether a similar phenomenon has occurred in our animals is not known. In addition, our data show clear sex differences that were a function of infant experience. These observations are consistent with a growing number of reports showing sex-specific differences in basal expression of chromatin-regulating enzymes, experienceinduced changes in DNA methylation, and differential sensitivity to subsequent hormonal modulation [55] [56] [57] [58] . It is likely that the basis of our sex-specific patterns reflects a number of factors, including differential stimulation of males and females by dams in the caregiving environments we created in addition to within the home cage. For example, maternal behavior is known to differ by sex of the pup, with males receiving more anogenital licking than females [59, 60] .
As one way to explore the functional relevance of our mPFC DNA methylation changes, we characterized basal group differences in gene expression in our adult cohort. We did not detect any significant differences in total (exon IX) levels of bdnf mRNA in animals at rest. Although no baseline differences were found, it is possible that DNA methylation alterations were manifest in changes in specific bdnf transcript levels (i.e. exon I-or exon IV-containing mRNA transcripts), which we did not examine here. Our previous work has shown downregulation of exon-IV-containing bdnf transcripts in the PFC of adults who had experienced maltreatment [11] .
At the reelin gene locus, we observed changes in mRNA levels in all groups that also showed changes in methylation of DNA associated with the reelin promoter. A handful of studies have demonstrated changes in hippocampal reelin gene expression following exposure to high levels of nurturing care or infant separation from the mother [19, 32, 61] . A study by Cassidy et al. [62] demonstrated the capacity of early-life stress in the form of social isolation (soon following weaning) to alter mPFC reelin protein expression and mPFC-mediated behaviors. In parallel to the developmental emergence of prepulse inhibition deficits, they found reelin deficits in isolated animals. Similar to our results, they found that reelin alterations emerged with development, as there were no group differences early in development but later, with increased protein expression at PN60 while decreased expression at PN80 in isolated rats. Group differences in methylation of the reelin promoter could be a driving factor in their observations, but this was not investigated. Though the capacity of prenatal stress to affect mPFC reelin methylation and later behavior outcomes has been established [63] , to our knowledge, our study is the first to establish a link between infant-caregiver experiences and altered reelin gene methylation and expression within the mPFC.
In addition to causing changes in basal mRNA levels, DNA methylation alterations would likely be relevant in terms of activity-evoked regulation of these genes. For example, the ability of an adult animal to learn and form a memory has been linked with activity-evoked demethylation of reelin within the PFC [24] and demethylation/ methylation of bdnf loci within the hippocampus [44, 49] . Both reelin and bdnf have recently been shown to undergo demethylation in response to the induction of longterm potentiation in the mPFC [25] . If epigenetic regulation of genes plays an active role in regulating an animal's ability to respond to its environment and experiences later in life, then altered methylation patterns of genes induced by experiences early in development have the potential to subsequently affect behavior.
Rodent models and clinical research continue to show a strong relationship between early-life stress and later behavioral abnormalities, including deficits in cognitive function, stress vulnerability, and an increase in depressive-and anxiety-like behaviors. Though studies are beginning to highlight a key role for mPFC dysfunction in aspects of these behaviors, the molecular mechanisms underlying this link are unclear. Investigations into epigenetic mechanisms in the mPFC (and the PFC in general) due to early-life stress have been few [27] [28] [29] , and have focused on measurements made at one time point (for example, only in young adulthood). A lifespan approach may be necessary to fully understand the link between an experience and outcome, as epigenetic patterns are known to naturally change over the course of the lifespan in the 'healthy' human cortex [64] . Here we provide a critical first step toward providing an understanding of DNA methylation differences at gene loci during lifespan development in an animal model with clinical relevance. Further work will be necessary to establish an epigenetic link with subsequent phenotypic outcomes, both at the cellular (mPFC neuronal dendritic length and spine density for example) and behavioral levels. Regardless of underlying mechanisms for the later-emerging and sex-specific observations we report here, our study contributes to the emerging insight of an epigenetic basis for the longlasting and even transgenerational effects of early-life adversity. Considering the remarkable complexity of alterations that can occur, more longitudinal studies that incorporate both sexes are warranted to reveal etiological information regarding stress-associated and sex-specific behavioral trajectories.
